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Introduction {#sec001}
============

Despite steady progress, and improved clarity around the disease's causative factors, research into equine laminitis has not yet determined the exact pathophysiological mechanism of this common disease. Laminitis is a painful and costly disease for the equine population worldwide \[[@pone.0225843.ref001]\]. The outcome of severe laminitis, the distraction of the pedal bone away from the hoof wall, is straightforward to diagnose and understand. However, the determinants of this detachment have proven to be far more difficult to identify \[[@pone.0225843.ref001]\]. Further, laminitis is a silent disease in the early stages, which reduces the opportunity to investigate the factors that instigate lamellar failure.

Endocrinopathic laminitis is associated with insulin dysregulation, which can occur as persistent or transient, post-prandial hyperinsulinemia, and is the most common form of the disease \[[@pone.0225843.ref002]\]. The development of a prolonged insulin infusion technique has provided a good experimental model for inducing the disease in otherwise healthy animals \[[@pone.0225843.ref003], [@pone.0225843.ref004]\], enabling detailed investigations of the pathophysiology of endocrinopathic laminitis \[[@pone.0225843.ref005]\]. Unlike sepsis-related laminitis, a major role for inflammation in disease onset appears unlikely \[[@pone.0225843.ref006], [@pone.0225843.ref007]\]. Instead, hyperinsulinemia produces a more hyperplastic lesion where proliferation and distortion (stretching) of lamellar epidermal basal cells results in lamellar thinning and lengthening \[[@pone.0225843.ref008], [@pone.0225843.ref009]\]. The proliferative component of the response is reminiscent of cancer pathophysiology and suggests a growth factor type role for insulin in the instigation of laminitis. However, studies have found that insulin receptors are not abundant in the lamellae \[[@pone.0225843.ref010]\], and more importantly that they are not located on the epidermal basal cells \[[@pone.0225843.ref011]\], thus undermining this hypothesis.

Excess circulating insulin can mediate effects through mechanisms other than binding with the insulin receptor. With respect to laminitis, exploration of the potential effects of insulin on the lamellae have largely converged on a potential interaction between insulin and insulin-like growth factor-1 (IGF-1), or hybrid insulin/IGF-1, receptors \[[@pone.0225843.ref012], [@pone.0225843.ref013]\]. However, recent data are conflicted about this hypothesis \[[@pone.0225843.ref010], [@pone.0225843.ref014]\], prompting us to explore other possibilities. Recently, researchers have demonstrated *in vitro* that insulin can activate the epidermal growth factor receptor (EGFR) \[[@pone.0225843.ref015]\], and potentiate the effects of epidermal growth factor (EGF) \[[@pone.0225843.ref016], [@pone.0225843.ref017]\]. In the early 1990s, before the identification of insulin as the driving force in endocrinopathic laminitis, a role for the EGFR in chronic laminitis pathophysiology was considered \[[@pone.0225843.ref018]\]. The presence of the EGFR in the lamellae was confirmed, and they localised receptors to the epidermal basal cells. However, to date no studies have measured EGF concentrations in laminitic horses, or specifically examined EGFRs during insulin-induced laminitis.

Thus, in the present study we tested the hypothesis that insulin potentiates the effects of the EGF system within the lamellae, which may stimulate epidermal basal cell proliferation. Accordingly, we set out to determine whether a synergistic link between insulin and EGF might be instrumental in provoking the onset of endocrinopathic laminitis. The principal aim of this study was to examine the location, quantity and activation state of EGFRs during the developmental and acute stages of insulin-induced laminitis using an experimental model of the disease. A secondary aim of the study was to determine whether there is an association between systemic insulin and EGF concentrations of horses and ponies.

Materials and methods {#sec002}
=====================

Samples {#sec003}
-------

All samples were collected during two previous experiments that were designed and conducted separately: a study of experimentally-induced hyperinsulinemic laminitis in horses \[[@pone.0225843.ref004]\] and a study of insulin dysregulation in ponies \[[@pone.0225843.ref019]\]. The animals were purchased by the university from private owners and operators and were provided with appropriate housing that allowed socialisation and exercise where appropriate, free access to water and a balanced diet that met daily maintenance energy requirements, which was given as two meals (morning and evening). The horses were fed additional hay *ad libitum* during the experimental procedures. Ethical approval for animal use was granted previously by the University of Queensland Production and Companion Animal Ethics Committee (SVS/013/08/RIRDC, QUT/SVS/316/16) and all experiments were performed in accordance with relevant guidelines and regulations of this committee.

### Tissue samples {#sec004}

Lamellar and skin samples were obtained from the left forelimb of twenty Standardbred horses. Sixteen of the horses received a prolonged euglycemic, hyperinsulinemic clamp (pEHC) in which insulin was administered intravenously (6 μIU/kg/min; Eli Lilly, NSW, Australia) as previously described to induce exogenous hyperinsulinemia \[[@pone.0225843.ref004]\]. The pEHC was conducted for varying durations to examine the timeline of laminitis development: 6 hours (early developmental time point; n = 4), 12 hours (mid developmental time point; n = 4), 24 hours (late developmental time point; n = 4) or until the animals developed grade 2 lameness \[[@pone.0225843.ref020]\], which was \~46 hours (n = 4). Each horse treated with a pEHC for \~46 hours was randomly paired with another horse, which was treated with a balanced electrolyte solution for the same period in order to act as a normoinsulinemic control, as previously described \[[@pone.0225843.ref004]\]. At the conclusion of the infusion period or at the onset of grade 2 lameness (to minimise suffering), each horse was sedated with xylazine hydrochloride (Randlab, NSW, Australia) prior to being euthanased with pentobarbital sodium (Virbac NSW, Australia; both given intravenously), and the lamellar tissue rapidly harvested from the midpoint of the dorsal hoof wall. Duplicate blocks of tissue (5 mm^3^) were processed in two ways: snap frozen in liquid nitrogen (gene expression) and placed in 10% formalin solution for 24 hours (immunohistochemistry). Frozen tissue was transferred to -80°C until use, while the preserved tissue was embedded in paraffin. Tissue samples were not collected during the second study on ponies with naturally-occurring insulin dysregulation.

### Blood samples {#sec005}

Blood (10 mL) was collected from the control and full-length pEHC Standardbred horses at five time-points for the measurement of two principal EGFR ligands: EGF (receptor agonist) and TGF-β (receptor antagonist). Samples were obtained prior to the infusion, and then again 5, 10, 25 and 45 hours after the infusion commenced. Based on the pEHC (\~46 hour animals), and the fact that Standardbred horses are known to be particularly insulin sensitive, all horses were accepted as being metabolically healthy \[[@pone.0225843.ref004]\]. In order to investigate EGF and TGF-β concentrations during naturally occurring hyperinsulinemia, both ligands were also measured in blood samples (10 mL) collected from ponies before (0 h) and after (2 h) the test meal during an oral glucose test (0.75g/kg bwt dextrose powder in a meal of 200 g bran and 0.3% bwt lucerne chaff). Metabolic status in the ponies was previously determined using an oral glucose test \[[@pone.0225843.ref021]\] and the cohort included ponies that exhibited exaggerated post-prandial hyperinsulinemia, (n = 9) and ponies without any evidence of insulin dysregulation (n = 7). Including the ponies enabled a comparison between experimental model data (artificially induced hyperinsulinemia) and data from animals with endogenous hyperinsulinemia. The whole blood was placed in a lithium heparin vacutainer that was centrifuged (1500 x *g* x 10 min) to enable immediate harvesting of the plasma. Aliquots (0.5 mL) of all samples had been stored at -80°C since collection.

EGFR immunohistochemistry {#sec006}
-------------------------

We immunolocalised the EGFR in the digital lamellae of horses without laminitis, and during the developmental and acute stages of laminitis, at the time points outlined above. Human placenta was used as the positive control tissue, and a negative control where no primary antibody was used was also included. Sections of 5μm thickness were cut from the paraffin blocks of tissue and mounted on a charged slide before being deparaffinised with xylene and rehydrated (100, 95 and 70% ethanol for 1 min each, then placed in water). The sections were incubated in antigen retrieval buffer at 125°C for 5 min (pH 6.0) and quenched with 0.3% hydrogen peroxide before blocking with 5% bovine serum albumin. The sections were then incubated overnight at 4°C with the primary antibody (EGFR rabbit anti-human polyclonal sc-373746; Santa Cruz Biotechnology, Dallas, TX, USA; dilution 1:50) in duplicate sections. Reactivity of the antibody with equine tissue was confirmed with western blotting. The sections were washed prior to being incubated with a secondary antibody (mouse anti-rabbit HRP-conjugated; Santa Cruz Biotechnology, Dallas, TX, USA) at room temperature for 2 hours. Staining was developed using DAB substrate-chromogen solution (Sigma-Aldrich, Castle Hill, NSW, Australia) and the slides were counterstained with hematoxylin. The sections were dehydrated before being cover-slipped using DPX mounting medium (Sigma-Aldrich, Castle Hill, NSW, Australia). The slides were randomized prior to blinded examination by a single investigator who examined the full length of the primary epidermal lamellae and reported presence/absence and location of staining.

EGFR gene expression {#sec007}
--------------------

For total RNA extraction skin and lamellar tissues (50--100 mg) obtained from control and laminitic (\~46 hour time point) horses were homogenized (Omni International, Kennesaw, Georgia, USA) in trizol reagent (1 mL/100 mg tissue) according to the manufacturer's instructions (Thermo Fisher Scientific, Waltham, Massachusetts, USA). The genomic DNA was eliminated with RNAse-free DNAse I. The RNA concentration and purity were determined with a NanoDrop 2000 (Thermo Fisher Scientific, Waltham, Massachusetts, USA) and integrity assessed with a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA), prior to cDNA synthesis using the Tetro cDNA Synthesis Kit (Bioline, Alexandria, NSW, Australia). Each reaction (20 μL) contained 3 ng of RNA, 1 μL Oligo (dT)18, 4 μL of 5x reverse transcription buffer, 1 μL RiboSafe Rnase inhibitor, 1 μL Tetro reverse transcriptase (200 μg/μL) and DEPC-treated water. The cDNA was stored at -80°C until polymerase chain reaction (PCR) analysis. The EGFR primer pair `(forward: 5’-TGGACTCATGGACTGGTTTGGC-3’, reverse: 5’-TGGATCAACTCAGTGCAGCAAG-3’)` was designed using Primer-BLAST software using available equine sequence data \[[@pone.0225843.ref022]\]. No template, negative controls containing water instead of cDNA were included. An additional negative control containing pancreas cDNA was included to test for non-specific products. The PCR conditions were optimised using MyTaq HS Red (Bioline, Alexandria, NSW, Australia) in a touchdown PCR protocol described previously \[[@pone.0225843.ref023]\]. Briefly, reactions (25 μL) comprised 150 ng cDNA, 5 μL 5x MyTaq Reaction Buffer, 0.8 pM/μL each of the forward and reverse primers and 16 μL deionised water (dH2O). Each cycle involved an initial denaturation step at 95°C for 3 min, then 15 cycles of denaturation for 15 sec (95°C) and annealing for 30 sec (65°C decreasing to 50°C) with 30 sec extension (72°C). This was followed by 20 cycles of denaturation for 15 sec (95°C) annealing for 30 sec (50°C) and extension for 30 sec (72°C) and a final extension step for 5 min (72°C). After cycling, the PCR products were visualized (to confirm expected size) with 1.5% agarose gel electrophoresis.

Droplet digital PCR {#sec008}
-------------------

To obtain absolute quantification of copy numbers of EGFR in the skin and lamellae of the horses, droplet digital PCR (ddPCR) was performed using EvaGreen Supermix (Bio-Rad, Hercules, CA, USA) on the QX200 Droplet Digital System. Each 22 μL reaction contained 11 μL EvaGreen Supermix 2X, 9.12 μL Ultrapure water (ThermoFisher Scientific, Waltham, Massachusetts, USA), 0.1 μL cDNA and 9.1 pM/μL of each primer (forward and reverse). Droplets were generated according to manufacturer instructions. The touchdown PCR protocol described above was used with a ramp rate of 2°C/sec for ddPCR. Samples were analysed in duplicate.

Assays {#sec009}
------

### Tyrosine kinase assay {#sec010}

The relative phosphorylation of the EGFR in laminitic (pEHC; \~46 hour time point; n = 3 due to insufficient signal in one horse), and non-laminitic (control) horses, was determined using a human, phospho-receptor tyrosine kinase array (ARY001B, R&D Systems, Minneapolis, MN, USA). Each frozen lamellar sample was pulverised with a mallet prior to protein extraction using homogenisation (Omni International, Kennesaw, Georgia, USA) and the cell lysis buffer provided with the assay. The protein concentration of each sample was determined with a bicinchoninic acid (BCA) assay (Thermo Fisher Scientific, Waltham, Massachusetts, USA) and colorimetric detection using a spectrophotometer at 562 nm (GloMax Explorer, Promega, Madison, WI, USA). The assay was carried out according to the manufacturer's specifications except for an increase in the incubation time of the chemiluminescent reagent to 40 min. The luminescent signal was detected with a ChemiDoc^™^ scanner (BioRad, Hercules, CA, USA). The signal intensity of the phospho-array was determined with the image processing software Fiji \[[@pone.0225843.ref024]\].

### ELISAs {#sec011}

Serum insulin concentrations were measured previously by the investigators in serum using either a radioimmunoassay (horse samples; Siemens Healthcare, Victoria, Australia) or at a commercial laboratory (VetPath, WA, Australia) using a chemiluminescent assay (pony samples; Immulite 2000 XPi, Siemens Healthcare, Victoria, Australia) \[[@pone.0225843.ref004], [@pone.0225843.ref019]\]. Both assays were validated in the respective laboratories for use with equine serum. However, as a different assay was used for the horse and pony samples, the insulin concentrations were not compared between groups, but were simply used to correlate insulin and EGF concentrations within each group. The total EGF concentration was measured in plasma with an equine ELISA (MBS015349, Resolving Images, Victoria, Australia), with an intra-assay CV of 9.1%. The plasma TGF-β (major inhibitor of keratinocyte growth) concentration was measured using a human quantikine ELISA (DB100B, R&D Systems, Minneapolis, MN, USA) to try and determine whether there was an imbalance between the stimulation and inhibition of keratinocyte growth during laminitis. This ELISA had been validated for use with equine plasma previously \[[@pone.0225843.ref025]\], but did not validate adequately in the current study and the data are not reported.

Statistical analyses {#sec012}
--------------------

The data were examined for a normal distribution and where normally distributed according to a Shapiro-Wilk test were analysed with parametric tests. Data that did not have a normal distribution were either log transformed to obtain a normal distribution, or analysed with non-parametric tests. All data are reported as mean ± s.e.m or median \[interquartile range\]. Statistical outliers were determined with Grubb's test. Significance was set at P \< 0.05 with trends reported at P \< 0.1. The data analyses were performed with SigmaPlot v.13 (Systat, San Jose, CA, USA) or R v. 3.5 (R Foundation, Vienna, Austria).

Comparisons between horse treatment groups (i.e. control group and pEHC) were made with an unpaired t-test, and between horses and ponies with a Mann-Whitney test. The pre- and post-prandial pony samples were compared with a paired t-test. Investigations of the EGF concentrations in horses over time were undertaken with a repeated-measures ANOVA. Correlations were investigated with Pearson's co-efficient. Droplets from ddPCR were analysed in an absolute quantitation experiment before the amplitude and cluster data were analysed using the ddpcRquant script \[[@pone.0225843.ref026]\]. Amplicon counts were converted to mRNA counts per microgram of RNA and analysed using an ANOVA on ranks.

Results {#sec013}
=======

EGFR immunohistochemistry {#sec014}
-------------------------

There was abundant positive staining for the EGFR throughout the lamellae both in the control horses, where lamellae had the typical appearance of a healthy dermo-epidermal interface, and of horses in the developmental and acute stages of insulin-induced laminitis. This staining was principally located in the parabasal cells of secondary epidermal lamellae (SEL), but was also present, to a lesser extent, in lamellar basal cells. There was little positive staining of the dermis or dermal structures, such as blood vessels.

### Control horses {#sec015}

Positive immunostaining was located in the parabasal cells of the SEL (inner core of the SEL, [Fig 1A](#pone.0225843.g001){ref-type="fig"}). Immunostaining was also present in the cytoplasm and on the cell membrane of lamellar basal cells (adjacent to the basement membrane). The keratinised axis of primary epidermal lamellae (PEL) stained lightly. Staining was absent in primary dermal lamellae (PDL) and all other dermal tissue.

![The EFGR immunostaining of lamellae from control (non-laminitic) horses.\
**A:** The parabasal cells (\*) of each secondary epidermal lamella (SEL) showed positive immunostaining. The cytoplasm of lamellar epidermal basal cells (↓), the cell membrane of lamellar basal cells (adjacent to the basement membrane) and the keratinised axis of the primary epidermal lamella (PEL) stained lightly. Staining was absent in the primary dermal lamellae (PDL). **B:** At higher magnification the positive staining of the parabasal cells is diffuse, but particularly evident around nuclei (\*). The cytoplasm of lamellar epidermal basal cells stained lightly and was absent adjacent to nuclei (↓) except where it extended to the base of the cell. Staining was absent in secondary dermal lamellae (SDL). **C:** Basal cell staining was absent adjacent to nuclei except where it extended to the cell base (black ↓), contiguous with the dermo-epidermal junction. There was no immunostaining of the basement membrane. A: Bar = 100 μm, B: Bar = 50 μm, C: Bar = 25 μm.](pone.0225843.g001){#pone.0225843.g001}

Higher magnification showed the positive immunostaining of SEL parabasal cells was distributed throughout the cytoplasm and especially concentrated around the nucleus ([Fig 1B and 1C](#pone.0225843.g001){ref-type="fig"}). Immunostaining was present in the cytoplasm of lamellar epidermal basal cells except adjacent to the nucleus where its absence formed an incomplete perinuclear halo ([Fig 1B and 1C](#pone.0225843.g001){ref-type="fig"}). The basal cell staining extended to the cell base ([Fig 1C](#pone.0225843.g001){ref-type="fig"}) and was contiguous with the dermo-epidermal junction. Cell membrane staining was evident consistent with presence of the EGFR on the cell surface of basal cells. There was no staining of the basement membrane.

### Developmental (6 h, 12 h, 24 hour) and acute (\~46 hour) phases {#sec016}

Immunostaining at 6 hours was indistinguishable from the control (healthy) samples. For the most part immunostaining at 12 hours was indistinguishable from the control and 6 hour time point samples ([Fig 2A](#pone.0225843.g002){ref-type="fig"}), with parabasal cell staining persisting. Structurally, the laminitis lesion had progressed by 24 hours, evident as loss of the normal club shape of the lamellar tips with lamellar attenuation as previously described \[[@pone.0225843.ref008]\] ([Fig 2B](#pone.0225843.g002){ref-type="fig"}). In these lamellae basal cell nuclei were rounded instead of the normal oval shape and were located centrally in the cell. Parabasal cell staining was still present ([Fig 2B](#pone.0225843.g002){ref-type="fig"}). The cytoplasmic staining of basal cells that extended to the cell base in control samples was absent ([Fig 2B and 2C](#pone.0225843.g002){ref-type="fig"}). During acute laminitis (\~46 hour samples; [Fig 2D](#pone.0225843.g002){ref-type="fig"}) the lamellae were extremely attenuated with pointed instead of rounded tips as previously reported in this model \[[@pone.0225843.ref004]\]. Parabasal cell staining was still present ([Fig 2D](#pone.0225843.g002){ref-type="fig"}). However, basal cell staining was virtually absent at \~46 hours, which included decreased evidence of cell membrane immunostaining.

![**The EFGR immunostaining of lamellae from horses treated with insulin for 12 (A), 24 (B, C) and \~46 (D) hours. A:** Secondary epidermal lamellae (SEL) are attenuated with pointed instead of rounded tips. The basal cell staining that extended to the cell base in control samples is absent (white ↓). Staining was absent in the primary dermal lamellae (PDL) and secondary dermal lamellae (SDL). **B:** Parabasal cell staining is still present (\*). The lamellar attenuation is more marked, with pointed instead of rounded tips. Many basal cell nuclei are oval-shaped but oriented parallel to the SEL axis instead of perpendicular. The cytoplasmic staining that extends to the cell base in control samples is absent (↓). **C:** At higher magnification the rounded basal cell nuclei are situated abnormally close to the basement membrane. The cytoplasmic staining that extends to the cell base in control samples remains absent (↓). **D:** The lamellae are now extremely attenuated and while parabasal cell staining is still present (\*), basal cell staining is virtually absent with very mild perinuclear staining (↓) and decreased evidence of cell membrane immunostaining. There was no immunostaining of the basement membrane. A: Bar = 50 μm, B: Bar = 50 μm, C and D: Bar = 20 μm.](pone.0225843.g002){#pone.0225843.g002}

EGFR gene expression and abundance {#sec017}
----------------------------------

The EGFR gene was present in both the skin and lamellae of all horses, as expected ([S1 Fig](#pone.0225843.s001){ref-type="supplementary-material"}). No difference in the abundance of the EGFR gene was found between healthy control horses and horses with acute laminitis ([Fig 3A](#pone.0225843.g003){ref-type="fig"}). Further, there was no difference in EGFR abundance in the skin of healthy horses, compared to those with laminitis ([Fig 3A](#pone.0225843.g003){ref-type="fig"}).

![Copy number and phosphorylation of the epidermal growth factor receptor (EGFR).\
**A:** The median \[range\] gene copy number per μg of RNA is reported in the lamellae and skin of healthy horses (n = 4), and horses with acute, insulin-induced laminitis (n = 4). Gene copy number was not different between groups or treatments. **B:** The phosphorylation of the EGFR tended to be marginally increased (P = 0.086) in horses with insulin-induced laminitis (●; n = 3), compared to healthy horses (○; n = 4; □ mean).](pone.0225843.g003){#pone.0225843.g003}

EGFR activation {#sec018}
---------------

The presence of the phosphorylated state of the EGFR in the lamellae tended to be increased (P = 0.086; one-tailed test; α = 0.39) in horses with acute laminitis, compared to healthy control animals ([Fig 3B](#pone.0225843.g003){ref-type="fig"}).

EGF concentrations {#sec019}
------------------

One of the pEHC-treated horses was deemed a statistical outlier (Z = 2.26) with EGF concentrations at least five-fold higher than the rest of the animals, so the data from this animal were ignored. The median, basal EGF concentration of the remaining seven (metabolically healthy) horses was 91.7 \[77.3--95.7\] pg/mL. The basal EGF concentrations did not correlate with basal insulin concentration in the horses (r^2^ = -0.31; P = 0.50). Further, the EGF concentrations during acute laminitis (\~46 hour samples) did not correlate with insulin concentration measured at the same time in these horses (r^2^ = -0.32; P = 0.50), which was not unexpected given the marked exogenous hyperinsulinemia. Lastly, there was no effect of treatment or time on the EGF concentrations in the control and insulin-treated horses ([Fig 4A](#pone.0225843.g004){ref-type="fig"}).

![Plasma epidermal growth factor (EGF) concentrations in horses and ponies.\
**A:** The mean EGF concentrations did not differ between healthy horses (●; n = 4) and horses with insulin-induced laminitis (■; n = 4). **B:** In ponies (n = 16), the basal and post-prandial EGF concentrations were strongly correlated. **C:** When divided into healthy (n = 7) and insulin-dysregulated (ID; n = 9) groups, the ponies with insulin dysregulation tended to have higher basal (P = 0.08) and post-prandial (P = 0.05) EGF concentrations, compared to healthy ponies.](pone.0225843.g004){#pone.0225843.g004}

The basal plasma EGF concentration was more variable in ponies, than in horses, ranging from 47 to 980 pg/mL. The median concentration was 107 \[69.9--192\] pg/mL, which did not differ from horses. The post-prandial EGF concentrations in ponies (116 \[76.2--280\] pg/mL) also did not differ from the pre-prandial concentration. However, the pre- and post-prandial concentrations were correlated (r^2^ = 0.92; P \< 0.0001; [Fig 4B](#pone.0225843.g004){ref-type="fig"}). While the EGF concentration tended towards being correlated with the serum insulin concentration in basal samples (r^2^ = 0.46; P = 0.076), there was no association in the post-prandial samples (r^2^ = 0.38; P = 0.15).

When the ponies were grouped by insulin regulation status it was found that the median basal EGF concentration did not differ (P = 0.2) between ponies that were insulin-dysregulated (130 \[78.5--660\] pg/mL), and those that were normally insulin-regulated (90.7 \[67.5--123\] pg/mL). However, there was a tendency towards a difference (P = 0.08; one-tailed test; α = 0.41) following log transformation of the data. The post-prandial EGF concentrations (these data were normally distributed) in insulin-dysregulated ponies (274 ± 90 pg/mL) were marginally higher (P = 0.05; one-tailed test; α = 0.49), than healthy ponies (97.4 ± 20.9 pg/mL; [Fig 4C](#pone.0225843.g004){ref-type="fig"}).

Discussion {#sec020}
==========

The EGFR is a tyrosine-kinase receptor that is integral in epithelial cell biology. Activation of the receptor mediates cell proliferation, which is why it has been the focus of intense research in the field of cancer therapeutics \[[@pone.0225843.ref027]\]. Similar to neoplasia, equine laminitis is a disease that involves epidermal cell proliferation, in this case in the epidermal basal cells of the digital lamellae \[[@pone.0225843.ref008], [@pone.0225843.ref009]\]. If the EGFR could be implicated in laminitis pathophysiology an array of new therapeutic options for treating the disease (i.e. EGFR antagonists) could be readily adapted from cancer therapeutics for laminitis treatment. The EGFR and its ligands are overexpressed in many human cancers, and dysregulation of the EGF/R network at multiple levels signals a poor prognosis \[[@pone.0225843.ref028]--[@pone.0225843.ref030]\]. However, in the current study there was no evidence of an increased expression (neither gene nor protein) of the lamellar EGFR during experimentally-induced laminitis, nor were there increased concentrations of EGF (either during the model or in ponies prone to laminitis), which suggests that the EGF system is not central to the pathogenesis of laminitis. Recently, it was shown that epidermal cell stretching was a key lesion in insulin-induced laminitis in ponies \[[@pone.0225843.ref031]\], and the current results are supportive of the hypothesis that epidermal cell stretching might be more important than proliferation in laminitis pathology.

The findings from this study confirm those of an earlier study that the EGFR is abundantly expressed in the equine lamellae, with most staining in the SEL \[[@pone.0225843.ref018]\]. In that study, chronic laminitis was typified by a loss of high affinity binding sites for the EGFR in the lamellae \[[@pone.0225843.ref018]\]. However, the study \[[@pone.0225843.ref032]\] did not indicate an overall change in immunolocalistion (using autoradiography) of the EGFR during chronic laminitis, and the current study found that there was no change in total gene expression of the EGFR during acute laminitis, compared to the healthy foot. There are several reasons that might account for these inconclusive outcomes including: 1) different experimental approaches, 2) the comparison of an experimental model with naturally occurring disease, 3) that chronic laminitis has a much longer time course than acute disease and 4) that the type of laminitis in the earlier study was not characterised with respect to the insulin status of the animals. Either way, either a decrease or lack of change in EGFR expression during laminitis does not support the theory that this receptor system is integral to laminitis onset.

The strong EGFR immunoreactivity within the parabasal cells of the SEL was consistent across all sections from all 20 animals examined, but is not consistent with the only other report of EGFR labelling in the lamellae where the basal cells reacted most strongly \[[@pone.0225843.ref032]\]. In addition, reports of EGFR distribution in equine gastric tissue \[[@pone.0225843.ref033]\], and epithelial tissues from other species \[[@pone.0225843.ref034]\] consistently show that the receptor predominates in epidermal basal cells and becomes less apparent in parabasal cells. This distribution pattern is frequently attributed to the higher proliferation rate of basal cells, compared to the more differentiated parabasal layer \[[@pone.0225843.ref035]\]. The strong staining of the parabasal cells in the current study seems to add further weight to the conclusion that the EGFR is not key to the proliferative lesion of laminitis. As discussed above, an early pathological change in the epidermal cells during insulin-associated laminitis was recently identified to be cell stretching, rather than proliferation \[[@pone.0225843.ref031]\]. If morphological changes to the basal cells precede the increased rate of mitosis, this might suggest that tissue growth hormones do not instigate the disease, and that another unrelated catalytic factor remains unidentified.

The EGFR might undergo mildly increased activation (phosphorylation) during acute laminitis. Studies *in vitro* have demonstrated that phosphorylation of the EGFR in response to its ligands is transient, and that it is related to the downregulation of the receptor by the ligand \[[@pone.0225843.ref036], [@pone.0225843.ref037]\]. In the current study, a continual cycle of receptor phosphorylation and downregulation could be expected during the persistent hyperinsulinemia induced by the model and is supported by cell surface and cytoplasmic immunostaining, and the mild reduction in basal cell staining during acute disease, as outlined above. It might be that the EGF system has a role in attempted repair of lamellae during laminitis, as EGF is known to be important in wound remodelling \[[@pone.0225843.ref038]\]. This could help to explain why the degree of phosphorylation was not stronger, although the small sample size (sub-optimal statistical power) is also likely to have affected this result. Overall, these data indicate that although the EGFR may be participating in hyperinsulinemic laminitis pathophysiology, its role is likely to reflect normal physiological responses to the onset of lamellar damage.

Despite extensive searching, we could not find a report of the expected plasma EGF concentration in either horses or ponies, and so we cannot state whether our results fall within the expected range of this hormone in this species. As such, this may be the first report of plasma EGF concentrations in horses and ponies. The basal EGF concentration did not differ between horses and ponies, although all animals were adults and age-related differences may exist (e.g. EGF concentrations decline with age) as they do in other species \[[@pone.0225843.ref039], [@pone.0225843.ref040]\]. The EGF concentration was not correlated with insulin concentration in healthy horses, but this finding was expected due to the extremely low basal insulin concentrations in the horses, which is typical of this breed (lower limit of detection for most animals). However, there was a weak association between basal insulin and EGF in ponies (who generally have greater basal insulin concentrations than horses \[[@pone.0225843.ref041]\]). This putative association was lost after eating, consistent with a post-prandial surge in insulin, but not EGF, as would be expected. Further examination of an association between EGF and insulin concentrations using a larger cohort of animals would be useful, particularly as a positive relationship might suggest the existence of an insulin-EGF synergy as reported in other species \[[@pone.0225843.ref016]\].

A comparison of EGF concentrations between ponies that were insulin-dysregulated and those that were not revealed that a relationship between circulating EGF and insulin might occur in ponies when insulin concentrations are high. Because there were only a few animals in this study with marked post-prandial hyperinsulinemia and the comparisons were underpowered, this hypothesis needs to be examined in a larger cohort of animals with insulin dysregulation. Glucose uptake in the small intestine increases with EGF stimulation, through upregulation of the key intestinal sodium-glucose co-transporter (SGLT-1) \[[@pone.0225843.ref042]\]. We have shown previously that oral glucose bioavailability is increased in ponies with insulin dysregulation, compared to normally regulated ponies \[[@pone.0225843.ref043]\]. Given the increased circulating EGF in insulin-dysregulated ponies reported here, it is feasible that elevated EGF could be driving increased glucose uptake and insulin-dysregulation in this species. The pathogenesis of equine insulin dysregulation is poorly understood so this theory is worthy of investigation. An increase in EGF during marked hyperinsulinemia could also be associated with the onset of lamellar damage initiated by insulin, with EGF initiating a wound healing response as postulated above. However, a study that specifically examines the relationship between naturally occurring, insulin-associated laminitis and EGF and insulin concentrations is required. As the pEHC is a profound experimental model the exogenous hyperinsulinemia induced during this model in the horses would not necessarily correlate with insulin during laminitis induction, and therefore this study was unable to address this interesting hypothesis.

There are a number of potential ligands for the EGF receptor. In addition to EGF, TGF-α, betacellulin, epiregulin and amphiregulin all bind to the EGFR with varying affinities in other species \[[@pone.0225843.ref044]\]. These ligands work alone, or together, to achieve activation of the EGFR and catalyse downstream signalling events \[[@pone.0225843.ref036], [@pone.0225843.ref045]\]. The soluble forms of these ligands are all released locally, with metalloproteases from the 'a disintegrin and metalloprotease' (ADAM) group important in their processing \[[@pone.0225843.ref046]\]. Although it has been demonstrated previously that ADAM-TS4 was not upregulated during the onset of insulin-induced laminitis \[[@pone.0225843.ref047]\], other studies showed that members of the ADAM family were upregulated during laminitis induction \[[@pone.0225843.ref048], [@pone.0225843.ref049]\] so enhanced cleavage of these ligands may be occurring during laminitis onset. There are currently no equine-specific assays for measuring the other EGFR ligands in horses. However, in other species they mediate a host of effects by signalling through the EGFR and can act in an autocrine, paracrine and endocrine manner \[[@pone.0225843.ref035]\]. Thus, given the diffuse distribution of the EGFR in the lamellae an in-depth analysis of their role in the lamellar epidermis would no doubt be instrumental in improving our understanding of this complex structure.

This study has shown that the EGFR is unlikely to be a pathogenic factor in insulin-associated laminitis pathophysiology, but that it might play a role, at least in part, in epidermal repair. Whether these data are also applicable to other forms of laminitis, such as the inflammatory and septic variants, is unknown. Based on the data reported here, we surmise that laminitis pathophysiology is a multifactorial event, with the involvement of numerous pathways and factors. As a result, we have farther to go with respect to understanding this disease. An important adjunct finding of this study was evidence to support that a potentially synergistic relationship between insulin and EGF exists in horses. Our understanding of equine insulin dysregulation in limited, but the disease is common and is a significant risk factor for laminitis \[[@pone.0225843.ref050]\]. The finding that EGF is increased in insulin-dysregulated ponies has identified a direction for future research into metabolic dysfunction.
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###### Agarose gel electrophoresis of epidermal growth factor receptor (EGFR) gene expression in equine lamellae and skin.

Lamellar samples (lanes 2--10) and skin (SK, lanes 11--12) of healthy horses (CH1-5) and horses treated with a prolonged euglycemic, hyperinsulinemic clamp to induce hyperinsulinemia and laminitis (TH1-4) were examined for gene expression. A no template control (NTC, lane 13) and tissue not expected to contain the EGFR (-ve, lane 14) was included, as was a base pair ladder (L, lane 1) for identification of an appropriate-sized product.
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Click here for additional data file.

###### Raw data file.
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Click here for additional data file.
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